Abstract-This paper presents the application of information gap decision theory (IGDT) to help the distribution network operators (DNOs) in choosing the supplying resources for meeting the demand of their customers. The three main energy resources are pool market, distributed generations (DGs), and the bilateral contracts. In deregulated environment, the DNO is faced with many uncertainties associated to the mentioned resources which may not have enough information about their nature and behaviors. In such cases, the classical methods like probabilistic methods or fuzzy methods are not applicable for uncertainty modeling because they need some information about the uncertainty behaviors like probability distribution function (PDF) or their membership functions. In this paper, a decision making framework is proposed based on IGDT model to solve this problem. The uncertain parameters considered here, are as follows: price of electricity in pool market and demand of each bus. The robust strategy of DNO is determined to hedge him against the risk of increasing the total cost beyond what it is willing to pay. The effectiveness of the proposed tool is assessed and demonstrated by applying it on a large distribution network.
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LIST OF SYMBOLS AND ABBREVIATIONS
Indices
Bus.
Demand level.
Feeder.
Constants
Base price of each MWh electricity in pool market. Demand level factor in demand level . Operating limit of feeder /substation in year .
Variables
Active/reactive power demand in bus , in demand level
Active/apparent power purchased from grid in demand level .
Active/reactive power injected by a in bus , in demand level .
Active power purchased through bilateral contract in demand level .
Angle of voltage in bus , in demand level .
Apparent power imported from grid in demand level .
Base apparent/active/reactive power demand in bus .
Base price of power purchased from the grid.
Capacity of DG in bus .
Cost of each MW power produced by dg units.
Current magnitude of feeder in demand level .
Lower/upper safe operating limit of voltage. Expected price value in demand level .
Expected apparent power demand in bus , in demand level .
Minimum energy purchasable from bilateral contract .
Magnitude of voltage in bus , in demand level .
Maximum energy purchasable from bilateral contract .
Maximum acceptable procurement cost.
Net active/reactive power injected to bus , in demand level (in single phase modeling of load flow equations).
Net reactive power injected to bus , phase , in demand level (in three phase modeling of load flow equations).
1949-3053/$31.00 © 2012 IEEE Number of buses/feeders/demand levels in the network.
Robustness function against uncertainty of electricity price.
Robustness function against uncertainty of electric demand.
Set of decision variables.
PC
Total cost paid to pool market for purchasing electricity.
DGC
Total cost paid for producing electricity by DG units.
BcC
Total cost paid for bilateral contracts.
TC Total cost that DNO should pay.
Upper safe operating limit of DG unit.
Uncertainty horizon of electricity price.
Uncertainty horizon of electricity demand.
I. INTRODUCTION
T HE presence of distributed generations (DGs) in distribution networks, has been become a familiar issue for distribution network operators (DNO). These generating units can play important role in increasing the reliability of supply [1] , emission reduction [2] , [3] , reducing the needs for upgrading the transmission [4] or distribution networks [5] and active loss reduction of distribution networks. The regulatory frameworks which determine the authorities of DNO in dealing with DG units differ from country to country. In some countries the DNO can invest in DG units and therefore it can decide about the location, size and DG technology based on its interests and requirements. However, in some other countries, the DNOs are not allowed to own DG units [6] and just have to maintain the security and efficiency of distribution network to meet the demand growth and serving the customers [7] , [8] . In such frameworks, the DNO tries to hedge its consumers against the high prices of the pool market. In order to do so, it has three energy resources for energy procurement namely, pool market, DG units, and bilateral contracts. The problem is that the DNO cannot be certain about the values of demands in each bus and the price of energy in pool market. There are several methods proposed in the literature for dealing with uncertainties of the mentioned parameters. These methods can be categorized into three main principal categories: probabilistic methods like Monte Carlo simulation [9] , Point Estimate Method [10] , Latin Hyper cube sampling [11] ; possibilistic methods [12] ; hybrid probabilistic-possibilistic [13] , [14] . All of the three mentioned models need some historic data of specific characteristic of the behavior of the uncertainties. For example, the probabilistic methods need PDF of uncertain values and the same applies for possibilistic methods which need membership functions of uncertain variables. The aforementioned methods cannot be much helpful when the DNO is subject to severe uncertainty (where no PDF or membership function can be specified for uncertain parameters). A novel framework was proposed named information gap decision theory (IGDT) in [15] , which is powerful and robust in cases of severe uncertainty [16] . The word "robust" comes from the fact that the proposed solutions can tolerate the most uncertainty and still provide the desired performance. The IGDT model neither needs the PDF nor membership function of uncertain variables. Instead of these data it focuses on what is known and what is needed to be known [17] . The application of this method in power system has already been investigated in energy procurement strategy for large consumers [18] and also bidding strategy in purchasing from different energy resources [19] , [20] . In this paper, a novel energy procurement strategy is proposed which helps the DNO to choose its energy resources when it is faced with differently uncertainties. The main contributions of this paper are as follows:
• A robust energy procurement strategy is proposed for DNO when the price of electricity in pool market, electric demands are uncertain and no PDF or membership function of them is available.
• Network constraints are considered. This paper is set out as follows: Section II gives a brief introduction to IGDT model, Section III presents the problem formulation, the simulation results of the proposed model are presented in Section IV, and finally, Section V states the findings of this work.
II. INFORMATION GAP DECISION THEORY
The information gap decision theory (IGDT) is a non-probabilistic and non-fuzzy method for quantification of uncertainty. In this context, the uncertainty is defined as the distance between what is known (or predicted) and what may happen in reality [15] . One of the applications of this tool is helping the decision makers to maximize the robustness of their decisions against the failures. The robustness is defined as the immunity of the minimum requirement satisfaction at presence of uncertain parameters [15] .
A. Uncertainty Modeling
There are several models in IGDT method for presenting the uncertainty of parameters. Here, the envelope bound model [15] is used, as follows: (1) where is the uncertainty horizon of parameter , is the predicted (most expected) value of , and is the set of all values of whose deviation from is nowhere greater than . Both of the and are uncertain.
B. System Requirements
The system requirement is highly dependent on the nature of the problem under study. This can be the minimum revenue a company may expect to gain or the maximum money a customer may be willing to pay. Two important subjects should be clarified; first, reaching to the minimum requirements is subject to risk because of uncertain parameters of the problem. Second, the goal is not minimizing the cost that customer should pay or maximizing the revenue that a company may gain. The main purpose of IGDT is to help the decision maker to set the decision variables to the values which hedges him against the risk of not reaching the minimum requirements at presence of the uncertainties of uncontrollable parameters. In this paper, the minimum requirement is defined as not surpassing a predefined limit, , for a given cost function, , as follows: (2) where is the input parameter and is the decision variable. and constitute the constraints.
C. Robustness
The robustness of a decision based on the requirement , i.e.,
, is defined as the maximum value of at which the decision maker is sure that the minimum requirements are always satisfied [15] , as follows:
The decision making policy is defined as finding the decision variables, , which maximizes the robustness, as (4) (5) In power system applications, the robustness of a decision can be defined as immunity of the decisions against the assumptions that they are made upon them. Some of these decisions and their corresponding assumptions are listed in Table I . The decision makers are always interested in making decisions which are less sensitive to the uncertainty of the assumptions. In this paper, the optimal decisions of a large consumer is found which will remain immune to some degree (e.g., increase in minimum energy procurement cost) against the uncertainty of electricity prices of the power market.
III. PROBLEM FORMULATION
The described decision making tool is formulated and presented in this section. The decision variables are defined as the quantities of energy purchased from the pool market, DG units, and the bilateral contracts. The assumptions used in problem formulation, constraints, and the objective function are explained next.
A. Assumptions
The following assumptions are employed in problem formulation:
• In this work, the DG units are modeled as a negative load in the proposed formulations according to ([21] - [27] ). The share of DG units in load supply is usually below the 20%-25% of the total demand. However, the PV or PQ mode of DG operation is not dependent on the total capacity of DG units in the network. The DG units are usually operated in PQ mode. This is mainly due to the small size of DG unit and its excitation control scheme which limits its reactive power capability [28] . Additionally, in most cases, DG units are not dispatched or controlled centrally due to the un-bundling rules [29] .
• The daily load variation is modeled using a load duration curve which is divided into discrete demand levels [3] . Assuming a base value of demand in bus , and a demand level factor of , is described as (6) • The electricity price, , is determined by the actions of market players. The variation of predicted electricity price in each demand level is modeled by multiplication of a base price, , and a price level factor in demand level ,
. The predicted value of electricity price in pool market,
, is calculated as follows:
B. Uncertainty Modeling of Input Parameters
The uncertainties of electricity price in demand level, , demand of bus in demand level, are modeled using (1) as follows:
C. Decision Variables
The decision variables of DNO are as follows: Active power purchased from grid in demand level , , Active power generated by a in bus , in demand level , . Active power purchased from contract , in demand level , .
D. Constraints a) Power Flow Constraints:
The power flow equations which ensures nodal power balance are described as Table II ). In [21] , a methodology is proposed to determine an individual power factor setting for each DG that will facilitate more DG connection and reduce the voltage rise in distribution network as well as augmenting the negative impact (increase of reactive demand) on the transmission system. The adaptive mode power factor control can also be used [31] , [32] using smart grid facilities. In these schemes, the optimal power factor setting (in each demand level) is determined by the DNO and passed to the DG operators. However, the DG operators are not willing to produce reactive power if they are only paid for their produced active power. The incentive-based time-of-the-day power factor settings may be used to encourage the DG operator to participate in optimal operation of the distribution network [31] . As the current operation policies in most distribution networks require the DG to operate at a fixed power factor, the power factor of DG unit is kept constant [5] , [22] , [24] - [27] , [33] in all demand levels in this work. c) Voltage profile: The voltage magnitude of each bus should be kept between the safe operating limits [29] .
(12)
d) Thermal limit of feeders and substation:
The flow of current/energy passing through feeders and substation should be kept below their safe limits [29] , as
1) Total Costs:
The total cost that the DNO should pay, is composed of the cost of electricity procured from pool market, from DG units and finally bilateral contracts. Each term is described as follows:
The total cost of energy purchased from pool market is calculated as follows: (15) where is the duration of demand level . The total costs of the purchasing electricity from DG units is calculated as (16) The total cost of the bilateral contracts (BcC) is calculated as follows:
The total cost, is sum of all described terms, as follows:
E. Minimum Requirement
The DNO is not trying to minimize the total cost. Instead of that, it will try to minimize the risk of experiencing high prices by its customers. For this reason, it will try to keep the total cost below an acceptable level, . This value can be defined in various ways but it is reasonable to define it as a percent of the predicted total cost, , as follows:
The minimum requirement is defined as follows: (20) where is the percent of tolerable increase in total cost.
F. Objective Function
There are two uncertain parameters in this problem formulation. Robustness is defined as the maximum uncertainty horizon in which all requirements are satisfied. To find the optimum decision, the DNO should maximize the robustness against the uncertainties of all three parameters, as follows: the maximum risk occurs when the prices and demands are at their highest level, , . In other words, the worst conditions which may cause the maximum risk are considered for uncertain parameters and then it is tried to set the decision variables, to be sure that the minimum requirements are always satisfied, as follows: (21) Since the minimum value of is maximized then solving the (21), gives the robustness values of load procurement strategy versus against different uncertainties. 
IV. CASE STUDY
The proposed methodology is programmed in GAMS environment [36] running on an IntelCore 2 Duo Processor T5300 (1.73 GHz) PC with 1 GB RAM. It is applied to a real 201-bus distribution network which is shown in Fig. 1 for demonstrating its ability. The operating horizon is considered to be one month. The hours of each day are categorized into three three different categories namely valley(s), shoulder(s), and peak(p) [19] as described in Table III . The duration of each demand level, , is 8 h.
A. Data
The technical data of the distribution network is given in [37] . This network is a 10 kV distribution system which has 200 feeders. In this paper, the DG technology is assumed to be gas turbine [38] but this is not limiting the ability of the proposed model for considering other DG technologies like renewable energy resources. The probabilistic methods are used to model the uncertainties of renewable DG technologies, however, some parameters of their probability distribution function (PDF) are neither the structure of the uncertainty of such data is neither probabilistic density nor possibilistic, this is where IGDT method can be useful as it is proposed in [39] . For each day, three demand/price level factors are considered; The duration of each demand level, , is assumed to be 8 h. The values of actual demand and average price of a realistic pool market of California ISO [40] , are used to produce the predicted values of and . The variation of demand and price level factors are given in Table IV . The price of energy produced by DG units is assumed to be fix and equal to [41] . The base price of pool market, , is 55 $/MWh. The capacities of DG units are assumed to be 3 MW each and are located in buses 32, 66, 74, and 126. First of all, the minimum value of total cost for load procurement is found using (19) . The value of predicted minimum total cost, , is 459 617.818$. In the following sections three different load procurement strategies are examined, namely: robust strategy against demand uncertainty, robust strategy against price uncertainty, and finally robust strategy against simultaneous demand and price uncertainty.
B. Robust Strategy Against Demand Uncertainty
In this case, the purpose of DNO is to choose a robust strategy against the demand uncertainty. The value of is kept zero assuming that there is no price uncertainty. The (21) is solved for different values of . The parameter is varied from 0 to 80% and for each the optimum values of decision variables are found. The execution time is 43.2 s for calculation of load procurement strategies for different values. The average execution time for each single run is about 4.8 s. As already defined, the value of shows the uncertainty of the demand values in each bus in Fig. 2 . The value of begins from 0 in and reaches to its maximum value, in and remains constant for . This means that although the requirement constraint is getting more relaxed (after ) but the constraints of the problem do not let the DNO to make its strategy more robust against the uncertainties of demand. The solution for this case can be investment in network components or reconfiguration of the distribution network. The percent of load procurement from different resources are shown in Fig. 3 . The physical meaning of data given in Fig. 2 is that for each given value which shows the degree of relaxing total cost constraint (20) , what is the maximum deviation of realized demand values from their expected values. For example, the decisions for are made in a way that if teh realized demand values are more than their expected (up to 38%) the total cost is still below the 1.4 minimum cost. In this case, the DNO   TABLE IV  VARIATION OF DEMAND AND PRICE LEVEL FACTORS IN EACH DEMAND LEVEL   TABLE V  CHARACTERISTICS OF AVAILABLE CONTRACTS knows how many percent of its required energy should be proqured by each energy resource as indicated in Fig. 3 .
C. Robust Strategy Against Price Uncertainty
In this case, the purpose of DNO is to choose a robust strategy against the price uncertainty. The value of is kept zero assuming that there is no demand uncertainty. The (21) is solved for different values of . The parameter is varied from 0 to 24% and for each the optimum values of decision variables are found. The parameter shows the uncertainty of electricity price. The variation of robustness, , against this parameter begins from 0 to , as shown in Fig. 4 . The load procurement strategy in each value is depicted in Fig. 5 . As it is expected, with increasing and the degree of relaxation of cost constraint, the values of robustness against different uncertainties show a non-decreasing behavior. The values of share of pool market in energy procurement decreases with the increase of . This is evident because the price values of pool market are increased then it would be a rational decision to cut the share of pool market and increase the share of other resources. The execution time is 37.9 s for calculation of load procurement strategies for different values. The average execution time for each single run is about 6.3 s.
D. Robust Strategy Against Simultaneous Price and Demand Uncertainty
In this case, the purpose of DNO is to choose a robust strategy against the simultaneous demand and price uncertainty for a given cost target . Suppose that the DNO choose the . The (21) is solved for the given value of and tries to find the maximum value of . In this case, (with ) then the problem is solved multi-objectively using Pareto optimality concept (see Appendix A for more details). This gives a set of solutions instead of a single one as shown in Fig. 6 . The load procurement strategy of solutions are given in Table VI Table VI ? There are different methodologies for selecting the best solution among the solutions of Pareto optimal front. It should be noted that the word "best" is defined based on the requirements of the decision maker. One of these methods is fuzzy satisfying method (see Appendix B for more details). The membership function of fuzzy satisfaction is calculated for each solution using (32) and are given in Table VII . The solution #5 has the maximum value of so it is the best solution for DNO if it has no preference toward any of the objective functions. , the DNO may change some of its decisions based on the information provided by smart grid facilities for the rest of the decision making horizon. This would also hold for the upcoming demand levels.
• The studies which focus on the DG impact assessment can be classified into two groups: the first group uses the single line diagram of the distribution network and uses the conventional single-phase load flow tools [21] - [25] , [32] , [33] . The second category, utilizes the three-phase unbalanced power flow formulation. This category is mainly concerned about protection issues and islanding modes of DG units [30] , [42] - [44] . In this work, for simplicity the impact of unbalanced three phase-four wire distribution networks are neglected. If a unbalanced three-phase load flow algorithm is needed then the (10) should be replaced by (22) to (29) .
V. CONCLUSIONS This paper presents the application of a novel decision making tool, IGDT, for distribution network operator when it is faced with different severe uncertainties. The uncertain parameters considered in this paper are electricity price, demands and decisions of DG investors. The decision variables are the amounts of energy purchased from pool market, DG units and bilateral contracts. The IGDT model is applied to a real system and its flexibility and effectiveness is demonstrated.
APPENDIX A PARETO OPTIMALITY
A multi-objective maximization problem is formulated as follows: (30) Suppose and belong to the solution space. dominates if:
If there is a solution which cannot be dominated by any other solution it belongs to the Pareto optimal front.
APPENDIX B FUZZY SATISFYING METHOD
The fuzzy satisfying method [45] is used to choose the "best" solution of the Pareto optimal front. Suppose there are objective functions and solutions. A membership function is defined as for for each solution in the Pareto optimal front which can have a value between 0 to 1, shows the level of which belongs to the set that maximizes the objective function . The linear membership function used in this paper for , is as follows:
(32) The "best" solution is selected as the solution with minimum dissatisfaction of all objective functions: (33) 
